Monoclonal antibody 1CF11 has been suggested to specifically recognize a certain carbohydrate epitope shared by glycoproteins in human external secretions. We examined the effect of cleaving the polypeptide backbone and removing N-linked oligosaccharides on the reactivity with 1CF11 of human milk lactoferrin (hLf) to elucidate the structural features of the 1CF11 epitope. We reveal by treating hLF with trypsin and/or N-glycosidase that both the N-glycan-relevant and N-glycan-irrelevant structural elements were involved in the recognition of hLf by 1CF11.
Human milk is the healthiest food for the growth of an infant and contains such antimicrobial proteins as secretory IgA, lactoferrin, bile salt-stimulated lipase, epithelial mucin MUC1, and kappa-casein which are considered to reduce the risk of infection for breast-fed infants. It has been reported that these proteins bear several heterogeneous carbohydrates and proposed that the carbohydrate(s) would play significant roles in protecting against infection. [1] [2] [3] [4] We have reported that a monoclonal antibody (mouse IgM referred to as 1CF11) generated against purified human milk MUC1 mucin showed immunoreactivity not only to the MUC1 mucin but also to various other glycoproteins in human milk and saliva, whereas those in human serum were immunologically inert. 5) Moreover, no reaction was apparent for proteins in the serum, milk, and saliva from other mammals tested. 5) We used the purified human milk lactoferrin and reported that either a periodate or mild alkaline treatment abolished its antigenicity. 5) These results suggested that this antibody could specifically recognize a certain unique carbohydrate epitope shared by the glycoproteins in human external secretions, and implied a possibility that the 1CF11 epitope might contribute to the innate immune system in some ways. Identifying its epitope structure might therefore be very helpful in understanding the advantage of breastfeeding over infant formula to the immune system and for producing a commercial formula that would be similar to human milk, although its biological significance and structural features would need to be elucidated.
Human milk lactoferrin (hLf) consists of a single polypeptide chain folded into two globular lobes comprising the N-terminal and C-terminal halves of the molecule (N-lobe and C-lobe, respectively). This protein also possesses three possible N-glycosylation sites located at Asn 138 in the N-lobe and at Asn 479 and Asn 624 in the C-lobe. These sites are usually substituted by complex types of N-glycans, except the third site (Asn 624 ) which is mostly unglycosylated. 6) We therefore examine in this study the effect of cleaving its polypeptide backbone and removing N-linked oligosaccharides on the reactivity of hLf with 1CF11 in order to elucidate the structural features of the 1CF11 epitope.
hLf (Sigma-Aldrich, St. Louis, MO, USA) was incubated at 37 C for 6 h with trypsin at an enzyme/ substrate ratio of 1/100 (w/w) in 0.1 M Tris-HCl (pH 8.2) containing 25 mM CaCl 2 . Tryptic digestion was stopped by adding the trypsin inhibitor from soybean (Sigma-Aldrich, Steinheim, Germany). It has been reported that mild digestion under this condition resulted in limited proteolysis, yielding relatively high-molecularweight fragments. 7) An aliquot of the digest was dissolved in 0.55 M Tris-HCl (pH 8.6) containing 0.5% (w/v) SDS and 0.4% (v/v) 2-mercaptoethanol, and the mixture was boiled for 5 min. N-Glycosidase F (3U) (Roche, Mannheim, Germany) and 7.5% (v/v) of the IGEPAL CA-630 surfactant (MP Biomedicals, Solon, USA) were added to the mixture which was then incubated at 37 C for 18 h. Figure 1 shows the results of SDS/PAGE and immunoblotting of hLf before and after the treatment with trypsin and/or N-glycosidase F. The immunoblotting assay was performed as described previously.
5) Briefly, a sample was separated by SDS-PAGE (10% T polyacrylamide gel) under reducing conditions, and the separated proteins were electrophoretically transferred to a PVDF membrane (Immobilon-P, Millipore, Billerica, USA). The membrane-blotted proteins were either stained with CBB or probed with 1CF11 and detected by using an HRP-conjugated goat antimouse IgM antibody (American Qualex, San Clemente, USA) and diaminobenzidine (Dojindo, Kumamoto, Japan). The apparent immunoreactivity with 1CF11 of y To whom correspondence should be addressed. Fax: +81-58-293-2926; E-mail: kanamaru@gifu-u.ac.jp Abbreviations: PAGE, polyacrylamide gel electrophoresis; BSA, bovine serum albumin; PBS, phosphate-buffered saline; PBST, phosphatebuffered saline plus 0.05% Tween 20; ConA, concanavalin A; DTT, dithiothreitol the trypsin-digested hLf (lane d), which was visualized within the 31-66 kDa region, was comparable to that of undigested hLf (lane b), whereas both hLf and its tryptic digests, after being deglycosylated with N-glycosidase F, showed a significant reduction in their immunoreactivity, although the reaction was never lost (lanes c and e). These results suggest that both the N-glycan-relevant and N-glycan-irrelevant structural elements would be involved in the epitope recognized by this antibody.
To further verify the dual recognition character of 1CF11 against hLf, small peptides were prepared by tryptic digestion of reduced and carboxymethylated hLf. hLf was dissolved in 250 mM Tris-HCl, 6 M guanidineHCl, 2 mM EDTA, and 130 mM DTT (pH 8.1), before being reduced at 50 C for 1 h in a nitrogen atmosphere. After adding a two-fold molar excess of iodoacetic acid over DTT in the dark at room temperature for 30 min, the protein was separated by gel filtration (Sephadex G-25, GE Healthcare, Buckinghamshire, UK) with 50 mM ammonium acetate (pH 4.0). The protein solution titrated to pH 8.0 with 25% ammonia was digested at 37 C for 24 h by TPCK-treated trypsin from bovine pancreas (Sigma-Aldrich, St. Louis, USA) at an enzyme/substrate ratio of 1/50 (w/w), and the reaction was terminated by boiling for 5 min. Extensive degradation was verified by the result of no detectable peptide by SDS/PAGE/glycine/silver staining (data not shown). The digested products were then divided, by using a column filled with ConA Sepharose 4B (GE Healthcare, Buckinghamshire, UK), into the peptide fractions either without or with the N-linked oligosaccharide, respectively designated by ConA UB and ConA BO (Fig. 2A) . The products were then subjected to deglycosylation. Briefly, an aliquot (containing 30-240 mg of peptides) was dried by centrifugation under vacuum and dissolved in 0.05 M ammonium bicarbonate (pH 8), before N-glycosidase F (12U) was added and incubated at 37 C for 24 h. A dot blot analysis was used to examine the effect of deglycosylation on the reactivity of each peptide fraction with 1CF11. The peptides in the fractions were therefore immobilized on a PVDF membrane by dot blotting, before being probed with 1CF11 and an HRP-conjugated secondary antibody, and then detected by a chemiluminescence reagent (Immobilon Western, Millipore, Billerica, USA). The deglycosylation of each fraction was also verified by detecting the sugar chain with an avidin-biotin-peroxidase complex (ABC). 8) Briefly, the sugar chains on the blotted peptides were oxidized with a solution containing 10 mM sodium periodate by incubating for 10 min. The oxidized sugars were biotinylated by adding a solution of biotin hydrazide (0.5 mg/ml, Sigma-Aldrich, St. Louis, MO, USA) and incubating for 30 min, before being probed with HRP-labeled streptavidin (Streptavidin-POD conjugate, Roche, Mannheim, Germany) for 15 min and then detected by a chemiluminescence reagent (Immobilon Western).
As shown in Fig. 2B , the unfractionated peptide mixture, ConA UB and ConA BO all exhibited obvious immunoreactivity before deglycosylation, even though ConA UB required a much larger amount to be detected with significant chemiluminescence intensity than intact hLf and ConA BO. Notably, the immunoreactivity of 1CF11 against ConA UB was almost unaffected by deglycosylation, whereas a significant reduction in reactivity was observed for the unfractionated peptide mixture after treating with N-glycosidase F. Particularly striking was that ConA BO lost its reactivity almost totally after the same treatment. Additionally, the unfractionated peptide mixture and ConA BO, containing the glycopeptide with N-linked oligosaccharide, were fully deglycosylated after treating with N-glycosidase F (Fig. 2B) . These results clearly indicate that hLf carried two structural elements differentially recognized by the 1CF11 monoclonal antibody; namely, the N-glycan-relevant (representative in ConA BO) and the N-glycan-irrelevant (representative in ConA UB) elements. The immunoreactivity of 1CF11 against the unfractionated total peptide mixture was also considerably lower than that of intact hLf. If the contribution to the immunoreactivity of each of the two distinct structural elements were to be merely additive, a reduction in the reactivity with 1CF11 would be unlikely for the total peptide mixture, because the total number of structural elements serving as epitopes should remain unchanged, even after degradation into small peptides. A decavalent antibody IgM such as 1CF11 should have higher avidity for a multivalent antigen than a divalent antibody IgG, consistent with the result that 1CF11 could increase both the binding and cross-linking ability to the antigens. It can therefore be predicted that simultaneous recognition of the dual structural elements of 1CF11 would enhance the immunoreactivity against hLf. There have been some reports [9] [10] [11] that monoclonal antibodies that are generated against the human tumorassociated MUC1 mucin reacted with a particular peptide sequence and that this binding was facilitated in the simultaneous presence of a certain O-linked oligosaccharide moiety. The reaction character of 1CF11 might be similar to these antibodies, in that both carbohydrate-relevant and -irrelevant structural elements were involved in the binding of the antibody. However, 1CF11 is substantially different from these, in that at least an N-linked, rather than O-linked, oligosaccharide was involved in its recognition. It seems, to our knowledge, quite unusual for a monoclonal antibody to recognize distinct structural elements, the N-glycanrelevant and -irrelevant elements, within a single antigen molecule.
In conclusion, we have revealed the involvement of dual structural elements of both N-glycan-relevant and N-glycan-irrelevant in the recognition of hLf by 1CF11. The precise structure of the 1CF11 epitope, however, remains to be elucidated, and further studies on the character of the 1CF11 epitope in hLf are now in progress.
